
INTEGRATED TWO-STAGE LIQUEFACTION: THE LEGACY AND THE UNFINISHED WORK 

ENEO C. MORONI 

U.S. Department of Energy, FE-34 GTN, Washington, D.C. 20545 

INTRODUCTION 

The In teg ra ted  Two-Stage L ique fac t i on  (ITSL) concept has received considerable 
a t t e n t i o n  by many l a b o r a t o r i e s  and has emerged as one o f  t h e  most promising 
technology i n  d i r e c t  coal l i que fac t i on .  

DOE/Lummus/Cities Service, EPRI/Kerr McGee, t h e  W i l s o n v i l l e  teams, Chevron and 
Exxon (1 )  have been i n  one way o r  another invo lved i n  processes conforming t o  
t h e  ITSL concept, each one w i t h  a somewhat d i f f e r e n t  approach o r  processing 
scheme. Recently, HRI ( 2 )  has developed another staged l i q u e f a c t i o n  concept 
which recen t l y  has received DOE support f o r  extended continuous bench-scale 
t e s t i  ny. 

Major achievements were obtained dur ing t h e  development o f  the ITSL process a t  
Lummus, from May 1980 t o  June 1985, which have changed s u b s t a n t i a l l y  our 
approach t o  coal l i q u e f a c t i o n  techniques and i n s p i r e d  new thoughts i n  
unravel ing the mechanism o f  d i r e c t  coal l i q u e f a c t i o n  a t  low s e v e r i t y  opera- 
t i ons .  These novel mechanist ic considerations need t o  be supported wi th  
f u r t h e r  s tud ies  u s i n g  s u i t a b l e  model compounds, some o f  which have been 
recen t l y  proposed ( 3 ) .  

Several papers have repor ted t h e  e a r l y  development o f  the ITSL process and 
re la ted  p r o j e c t s  (4-8). This paper has t h e  o b j e c t i v e  t o  d i vu lge  t h e  most 
recent achievements o f  an evolved ITSL process, p o i n t i n g  out  t h e  un f i n i shed  
work, and t o  expand the  concept o f  the low-sever i ty  staged approach which 
resu l ted  from t h e  evolved ITSL process and emerged as the most des i rab le  
pathway f o r  t he  d i r e c t  product ion o f  marketable l i q u i d  f u e l s  from coals: 
The u l t i m a t e  o b j e c t i v e  i s  t o  i n t e r e s t  t he  researchers dedicated t o  
fundamentals o f  coal  l i q u e f a c t i o n  toward t h e  technologica l  needs and the  
understanding o f  r e a c t i o n  mechanism, k i n e t i c s  and thermodynamic l i m i t a t i o n s  
res id ing  w i t h  t h e  novel, low-sever i ty  staged coal l i q u e f a c t i o n  approach. 

THE ITSL LEGACY 

Major accomplishments obtained a t  low-sever i ty  operations i n  a 3/4 ton/day 
ITSL process development u n i t  a t  Lummus and from r e l a t e d  bench-scale s tud ies 
i n  various l abo ra to r ies ,  inc lude:  

LOW s e v e r i t y  produced ex t rac ts  are low i n  heteroatoms and more 
e a s i l y  bydrogenatabl e, cons i s ten t l y  y i e l d i n g  excel  1 en t  equi 1 i brium 
donor solvent (9). 

No h igh  v i s c o s i t y  ge l  reg ion i s  apparent over t h e  28D-35OoC 
temperature range f o r  a s l u r r y  o f  bituminous coal and ITSL 
so lvent ,  as was the  case f o r  s l u r r i e s  prepared w i t h  t h e  same 
coal and o the r  types o f  so lvent  (10). 
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Low seve r i t y  processing forms most ly  reac t i ve  low molecular- 
weight fragments. Conversely, s i n g l e  stage thermal and thermal/ 
c a t a l y t i c  processing produce high-molecular weight products 
thought t o  be a c t u a l l y  condensation products o f  such smal ler  
fragments and consequently, l ess  r e a c t i v e  (11). 

Proton N M R  analys is ,  modi f ied t o  p rov ide  data on ITSL d i s t i l l a t e  
and n o n - d i s t i l l a t e  f rac t i ons ,  has been shown t o  be usefu l  i n  t h e  
development o f  a k i n e t i c  model f o r  coal e x t r a c t  hydroprocessing, 
thus enabling us t o  d i s t i n g u i s h  c a t a l y t i c  hydrogenation and 
cracking reactions, and t o  p r e d i c t  t h e  so lvent  donor c a p a b i l i t y  
as we l l  as the  y i e l d  s t ruc tu re  o f  t he  upgraded products (12). 

A mix ture o f  condensed aromatics, hydroaromatics, p a r a f f i n s  and 
t h e i r  respect ive heteroatom de r i va t i ves  i s  produced du r ing  coal 
l i que fac t i on .  This m ix tu re  tends t o  be unstable because o f  t he  
i n c o m p a t i b i l i t y  between po la r  heteroatom compounds and hydro- 
carbons. as we l l  as between condensed aromatics and p a r a f f i n s .  
Condensed hydroaromatics, having c lose r  a f f i n i t y  f o r  both 
aromatics and p a r a f f i n s ,  tend t o  keep them i n  so lu t i on ,  thus 
c o n t r i b u t i n g  t o  t h e  s t a b i l i t y  o f  t he  coal ex t rac t .  Low s e v e r i t y  
coal e x t r a c t i o n  y i e l d s  a l a r g e r  quan t i t y  o f  hydroaromatics and 
small amounts o f  h igh  heteroatom, condensed aromatics and 
p a r a f f i n s  (12). 

Best ca ta l ys ts  tes ted  are those modi f ied t o  suppress t h e  
hydrocracking a c t i v i t y  and enhance hydrogenation f u n c t i o n a l i t y  (9) .  

Coal der ived t r a n s p o r t a t i o n  fue l s ,  produced by r e f i n i n g  o f  
d i s t i l l a t e  from low s e v e r i t y  operations, possess inherent  h igh 
q u a l i t y  which i s  due most ly  t o  t h e i r  hydroaromatic (naphthenic) 
nature. Coal der ived naphthas conta in  l a r g e  q u a n t i t i e s  o f  h i g h l y  
a l ky la ted  cyclohexanes which, b y  reforming, convert t o  t h e  
corresponding benzenes and i n  t h e  process, recover a l a r g e  
p o r t i o n  o f  t he  hydrogen t o  make the  o v e r a l l  coal l i q u e f a c t i o n  
approach economical ly more a t t r a c t i v e .  A1 ky la ted  benzenes are 
the  major con t r i bu to rs  t o  the  h igh  octane gasol ine thus formed. 
Coal der ived middle d i s t i l l a t e  i s  c o n s t i t u t e d  most ly  o f  di-and 
t r i -hydroaromat ics and corresponding aromatics. 

Fur ther  r e f i n i n g  has been successfu l ly  employed t o  convert some 
o f  t he  aromatics t o  meet marketable j e t  and d iese l  s p e c i f i c a t i o n s  
o f  smoke p o i n t  and cetane number, respec t i ve l y  (13). 

From the  operat ion o f  t h e  process development u n i t  (PDU) a t  Lumnus (9 )  t he  
fo l l ow ing  important r e s u l t s  were obtained: 

Subbituminous coal was demonstrated t o  be an a t t r a c t i v e  feed f o r  
d i r e c t  l i q u e f a c t i o n :  
(2.9 bb l / t on  o f  moisture-ash-free coal compared t o  3.2 f o r  
bituminous coals)  bu t  i t s  lower cost, h ighe r  r e a c t i v i t y  i n  t h e  
second stage and i t s  ease i n  being converted t o  a l i g h t e r  product 

The d i s t i l l a t e  y i e l d  was s l i g h t l y  lower  
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are ove r - r i d ing  features i n  i t s  favor .  
Wyodak coal demonstrated good o p e r a b i l i t y  i n  both reac t i on  stages 
and was e a s i l y  deashed. 

When the  deasher i s  placed a f t e r  t he  LC-Fining reactor ,  t h e  
d i s t i l l a t e  y i e l d  was increased seven percent. 
t he  LC-Fining c a t a l y s t  was unaf fected by ash feed and reactor  
volume i s  unchanged. 

Most o f  the LC-Fining reactor  volume could be replaced by a f i x e d  
bed hydrocracking u n i t .  This resu l ted  i n  an equa l l y  good y i e l d  
of  -65OOF product  w i t h  no loss i n  hydrogen e f f i c i e n c y .  
-65OoF product contained less than 100 ppm s u l f u r  and less  than 
500 ppm ni t rogen,  making t h i s  a clean, l i g h t  and env i ronmenta l ly  
acceptable product. 
t he  second stage reac to r  volume by a t  l e a s t  1 8  percent and may 
a lso g r e a t l y  s i m p l i f y  and reduce t h e  cost  o f  the deashing sect ion.  

The SCT r e a c t i o n  was operated a t  500 and 1000 ps ig,  w i t h  no 
adverse e f f e c t  on y i e l d s  o r  hydrogen usage. 
F in ing as t h e  on ly  h igh  pressure sec t i on  o f  t h e  process. 

Analysis o f  t h e  r e s u l t s  i nd i ca ted  t h a t  a commercial SCT reac to r  
can be designed t o  r e t a i n  a l l  t h e  important features o f  t h e  PDU. 
There i s  every reason t o  be l ieve t h a t  SCT can be scaled t o  
commerci a1 s i z e  . 
Deasher bottoms were coked t o  produce add i t i ona l  l i q u i d  products. 
The l i q u i d  y i e l d  was about 20 percent o f  the organic ma t te r  i n  
the ash-r ich feed. 

Low temperatures o f  about 7OO0F, do not prov ide s u f f i c i e n t  
hydrogenation t o  rep len i sh  so lvent  q u a l i t y ,  wh i l e  a t  80OoF t h e  
solvent conta ins i n s u f f i c i e n t  t rans fe rab le  hydrogen. 
t h e  optimum temperature f o r  both conversion and regenerat ion o f  
recyc le so lvent  i s  about 724-750°F (9). 

I n  an t i so l ven t  deashing experiments, THF-insoluble/quinol i ne -  
so lub le preasphaltenes p r e c i p i t a t e  cons is ten t l y  w i t h  t h e  mineral 
matters, whereas t h e  THF-soluble preasphaltenes do not. This 
i nd i ca tes  t h a t  THF-insoluble preasphaltenes may be the  major cause 
of mineral ma t te rs  agglomeration, increas ing t h e i r  diameter and 
causing t h e  p a r t i c l e s  t o  s e t t l e  f a s t e r  (14). 

In  add i t i on ,  ITSL wi th 

More impor tant ly ,  

The 

Furthermore, t h i s  f l ow  con f igu ra t i on  reduces 

This leaves t h e  LC- 

Therefore, 

THE UNFINISHED WORK 

The m s t  s i g n i f i c a n t  achievements o f  t h e  ITSL program came i n t o  focus du r ing  
t h e  l a s t  p a r t  of t he  ITSL p r o j e c t  and o f  t he  re la ted  p r o j e c t s  before they 
ceased operation. I n  t h i s  p a r t i c u l a r  period, those who c lose ly  monitored 
t h e  ove ra l l  program, gathered t h e  l a r g e  set  o f  data made ava i l ab le ,  and 
s t ruc tu red  them f o r  s u i t a b l e  process engineering and economic evaluat ion,  
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became aware o f  an evo lu t i ona ry  t r e n d  i n  coal l i q u e f a c t i o n  processing. 
The major f ac to rs  c o n t r i b u t i n g  t o  t h i s  novel t rend  were: 1 )  t h e  b e t t e r  
understanding o f  t he  very s e n s i t i v e  interdependency between the  stages o f  coal  
ex t rac t i on ,  o f  t he  coal e x t r a c t  upgrading and hydrogen donor recyc le so lvent  
requirements. which emerged only  from t h e  data produced i n  a continuous, 
i n teg ra ted  recyc le mode o f  operations, and 2 )  t h e  more favorable r e s u l t s  o f  
low-sever i ty  operations, p r a c t i c a l l y  so lv ing,  i n  an easy and elegant manner, 
most i f  not  a l l  t h e  problems encountered by us ing h igh-sever i ty  operat ions 
which were p rac t i ced  i n  e a r l i e r  processes. i.e. German, H-Coal, SRC-11, e tc .  

But perhaps more important t o  t h e  fundamental research community i s  t h e  
fac t  t h a t  t he  l a r g e  se t  o f  ITSL data under s c r u t i n y  f o r  process development, 
lacks the  fundamental data t o  support t he  profound changes i n  t h e  mechanism 
and k i n e t i c s  occu r r i ng  a t  low-sever i ty  coal l i que fac t i on .  

Some o f  t h e  concepts and technology needs are ou t l i ned  below. 

Preservation o f  h i g h l y  react ive,  small fragments i n  t h e  coal e x t r a c t  
i s  o f  utmost importance i n  producing an exce l l en t  donor so lvent  and 
h igh  q u a l i t y  d i s t i l l a t e  f u e l  products. For t h i s  purpose, t h e  
fragments should be withdrawn from t h e  e x t r a c t i o n  reac to r  as soon 
as they are formed. 
by recyc l i ng  i t  w i t h  the  preasphaltenes as p a r t  o f  t h e  recyc le 
solvent. 

Be t te r  preservat ion o f  t he  reac t i ve  small fragments can be 
achieved by increas ing t h e  donatable hydrogen l e v e l  and decreasing 
t h e  heteroatom content o f  t h e  recyc le solvent. It i s  important 
f o r  t h e  super ior  hydrogen donor so lvent  t o  penetrate the l e s s  
reac t i ve  macerals. Consequently, i t  i s  advisable t o  a l low f o r  a 
thermal soaking treatment. i .e., a t  250-350°C temperature range 
f o r  10-30 minutes, p r i o r  t o  the  sho r t  contact  t ime (SCT) r e a c t i o n  
o f  rap id  heat ing (two minutes) t o  t h e  45OoC e x i t  temperature. It 
i s  ev ident  t h a t  a l l  t h e  above a c t i v i t i e s  are interdependent and 
t h e  improvements maximized i n  an i n teg ra ted  recy le process. 

It i s  extremely d i f f i c u l t  t o  capture i n  research bench scale u n i t s  
the  essence o f  t h e  r e s u l t s  produced i n  the  i n teg ra ted  recyc le 
process, because most o f  t he  key bene f i t s ,  i.e., coal conversion 
and enhanced donor so lvent  q u a l i t y ,  are obtained on ly  a f t e r  
several cyc les o f  t h e  i n teg ra ted  staged operations. Bench sca le  
researchers could avoid t h e  long and ted ious recyc le operations 
by apply ing the  aforementioned k i n e t i c  model f o r  coal e x t r a c t  
hydroprocessing (12) and us ing proton-NMR data o f  t he  coal 
ex t rac t  t o  p r e d i c t  so lvent  donor c a p a b i l i t y  and y i e l d  s t r u c t u r e  
o f  t he  upgraded products. 

Proton-NMR analys is  is '  rap id,  requi res small samples, i s  h i g h l y  
r e l i a b l e  and has exce l l en t  r e p r o d u c i b i l i t y .  

Removal o f  t he  heteroatoms i n  t h e  e a r l y  stage o f  coal e x t r a c t i o n  
i s  des i rab le  and ought t o  be sequential,  removing f i r s t  t h e  more 
abundant oxygen and thus making eas ie r  t h e  subsequent n i t rogen  
removal. 

The unconverted coal can be f u r t h e r  converted 
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Complementary fundamental s tud ies on C-0 and C-N bond sc i ss ion  
should be emphasized over t h e  cu r ren t  C-C bond crack ing e f f o r t .  

Most o f  t h e  s u l f u r  i s  converted t o  hydrogen s u l f i d e  du r ing  t h e  
two above sequences, and t h e  H S must be kept i n  the  system as 
c a t a l y s t  i t s e l f  and as "act iva?or"  o f  t r a n s i t i o n  metal ca ta l ys ts .  

It i s  essen t ia l  t h a t  t he  ITSL technology be pursued t o  t h e  
completion o f  t he  evo lu t i ona ry  t r e n d  which became almost dormant 
w i t h  the  te rm ina t ion  o f  most of t he  ITSL p ro jec ts .  
t h e  fundamental research community t o  f i l l - u p  t h e  gap o f  
suppor t i ve  fundamental research through stud ies o f  thermodynamics, 
k i n e t i c s  and r e a c t i o n  mechanisms involved i n  low-sever i ty  
operat ions which are p a r t  of the ITSL process. 
i n t e r e s t  would be t h e  matching o f  reac t i on  k i n e t i c s  o f  
dehydrogenation o f  t h e  hydrogen donor so lvent  w i t h  t h e  hydrogen 
acceptancy o f  coal ex t rac ts .  

Those o f  us i nvo l ved  i n  these e f f o r t s  are o p t i m i s t i c  about the  
f u t u r e  o f  low-sever i ty  d i r e c t  coal l i q u e f a c t i o n  and the  q u i t e  
s i m i l a r  c o a l / o i l  co-processing as t h e  p r a c t i c a l  approaches i n  
he lp ing  t o  a l l e v i a t e  an i nc reas ing l y  energy-def ic ient  world. 

It i s  up t o  

O f  p a r t i c u l a r  
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